Abstract-The behaviour of lightning current along tall structures is an important case to be evaluated. The behaviour is influenced by a few factors of which one is the ground or earth reflection factor. Previous studies have assumed that the ground reflection factor is a constant value and this value is usually used when evaluating the lightning current along a tall tower. This study presents the behaviour of lightning current along a tower, including variation in the value of the ground reflection factor. The simulation work is done by selecting the sum of two Heidler functions as a current channel base and a distributed source representation current is used to simulate the lightning current along the tower and channel. The ground reflection factor is calculated based on the correlation between tower and ground impedances whereby the ground impedance is dependent on a circle grounding system arrangement. The results indicate that by increasing the length of the rods, the value of the ground impedance decreases, but the peak value of the current along the tower is more dependent on the value of the ground reflection factor. It is shown that by increasing the length of the rods, the current peaks increase. Thus, the outcome of this study may be of benefit to Electrical Engineers to set an appropriate scheme of protection for the equipment which is installed along the tower, based on the effect of the grounding system arrangement for different conditions of soil resistivity.
INTRODUCTION
The chance of lightning striking a tall tower is very high compared to low height objects. According to references [1] [2] [3] , structures with a height of more than 100 m, such as telecommunications towers, are very likely to attract a lightning strike. Hence it is very important to examine the protection of electrical equipment along such tall towers. In addition, the incidence of lightning striking a tall tower will create a current that propagates along the tower and channel. Thus, in order to protect the equipment along the tower, knowledge of the current wave shape and the effect of the grounding system are important. In addition, this current is dependent on the current function and model, the velocity return stroke and the reflection factor which leads to the different behaviour of the current along tall structures [4] [5] [6] . Several studies [7] [8] [9] have shown that the reflection factor is one of the main causes of changes in behaviour of the lightning current along a tower. Also, most of these studies represent the reflection factor, especially the ground reflection factor, as a constant value which is widely considered when evaluating direct strike lightning on to a tower [10] [11] [12] . This may result in an inaccurate conclusion which will affect the analysis of the behaviour of the current along a tall structure. Moreover, the ground reflection factor relies on the relationship between the tower and ground impedance. With the tower impedance kept constant and the ground impedance varying based on soil resistivity and the electrode arrangement of the grounding system, the ground reflection factor is not constant anymore and it can have an effect on the wave shape of the current. Therefore, the aim of this study is to evaluate the behaviour of the lightning current with appropriate values based on a variation of the ground reflection factor by considering the grounding system arrangement parameter under various conditions of soil resistivity. Then, a simulation of the work is undertaken in order to generate a model of the lightning current along tall structures whereby the sum of two Heidler current functions [13] [14] is selected to be the channel base current. Also, a modified transmission line with exponential decay (MTLE) [15] [16] [17] is used as a current model to represent the propagation of current along the lightning channel. To simulate the lightning current along the tower and channel, a distributed source representation model is considered. Apart from that, this study makes a basic assumption that the lightning channel is a vertical, single channel and the channel does not have any branches.
II. LIGHTNING CURRENT ALONG THE TOWER AND CHANNEL
When lightning strikes a tall tower, the return stroke current will flow along the tower and channel for which different models [4, [18] [19] [20] can be used for modelling of the current such as the distributed source representation, lumped series representation and electromagnetic representation. In this study, the first of these models is applied [18, 19] . This model considers the behaviour of the engineering return stroke current model which is evaluated based on the time and height along the channel and tower. This current can be described by Equation (1) and (2) whereby z' is the current distribution along the lightning channel and the tower being evaluated, h is the height of the tower, ߩ ௧ and ߩ are the top and ground current reflection coefficients respectively, v is the return stroke velocity, c is the speed of light, ݊ is the number of reflection currents along the tower and Pሺz ᇱ − hሻ is for the engineering return stroke current models. These two equations will receive the sum of the two Heidler functions and the MTLE current model as an input for the current simulation. iሺz
The distribution current along the lightning channel ℎ < ‫′ݖ‬ < ‫ܪ‬
The distribution current along the tower 0 ≤ ‫′ݖ‬ ≤ ℎ
Apart from that, the top and ground reflection factors are described by Equation (3) and (4) respectively [21] .
It is noted that the ground reflection factor is included in this study. As can see from Equation (4), the ground reflection factor depends on the relationship between the tower and ground impedances. By maintaining a constant value of the tower impedance at a typical value of 150 Ω [22] , the ground impedance can be calculated based on a circle arrangement grounding system parameter whereby variations in the soil resistivity conditions can also consider. Therefore, the ground impedance will have a set of variation values for which a previous study has suggested should be reduced [23] . Thus, the relationship between the tower and the variable value of the ground impedance allows the generation of a variable value for the ground reflection factor. This scenario will affect the behaviour of the lightning current along the tower.
III. EFFECT OF SOIL RESISTIVITY
Soil resistivity represents a measure of the resistance value of the soil, which can have an effect on the value of the ground impedance. Moreover, the soil resistivity depends on the composition content of the soil such as the moisture, chemical composition and temperature [24] . This gives rise to a ground impedance value for a given type of ground electrode installed. On the other hand, the soil resistivity value is very dependent on local measurements which include the geography and seasonal conditions. IV. EFFECT OF GROUNDING SYSTEM ARRANGEMENT The grounding system has an effect on the value of the ground impedance and it can play an important role in the value of the ground reflection factor and the current wave shape along the tower and channel. In this study, the setup of the grounding system is a circle ground electrode arrangement for the first layer at the base ground of the telecommunications tower as illustrated in Figure 1 [25]. There are a few layers of the circle ground electrodes including radial counterpoise conductors. This arrangement is recommended by the IEEE standard 1692
[26]. Furthermore, according to the IEEE Standard 81™ 2012 [24], the ground impedance can be based on an independent or a dependent frequency. In this paper, the ground impedance is assumed to be based on an independent frequency which refers to the ground electrodes. Table 2 [28]. Each arrangement of the grounding rods represents different ground impedances. In this study, a circle arrangement for the electrode grounding is selected which contains a few electrode rods and the first layer as shown in Figure 1 . Also, each rod is separated by a fixed distance and Equation (5) represents the ground impedance for the circle arrangement whereby n is the number of rods, ρ is the soil resistivity, L is the length of the rods, a is the diameter of the rods and s is the distance between two rods. The selection of this arrangement is recommended by IEEE Standard 1692 TM-2011. 
V. RESULTS AND DISCUSSION
This section covers the evaluation of the lightning current along the tower with respect to the changing parameter of the circle electrode grounding arrangement due to the variation in soil resistivity. This includes the parameters of length, diameter and number of rods. Figure 2 shows the variation of ground impedance versus soil resistivity changes for different values of rod length. This demonstrates a linear relationship between ground impedance and soil resistivity for the different values of rod length. The figure illustrates that by increasing the rod length, the value of the ground impedance decreases. The behaviour of the ground impedance in Figure 2 has an effect on the value of the ground reflection factor as shown in Figure 3 , whereby a reducing trend is shown for an increase in soil resistivity and an increasing trend is shown as the length of the rods increase. Thus, an inverse result is demonstrated between the ground impedance and the ground reflection factor with respect to different lengths of rod for the same soil resistivity. In addition, for a soil resistivity of less than 150 Ω.m, the ground reflection factor is almost +0.94 and its polarity changes at a soil resistivity of 2 kΩ.m and above. The change in polarity of the ground reflection factor affects the reflected current along the tower. A high reflected current is generated along the tower with a positive polarity of the ground reflection factor. However, a lower reflected current is found as the ground reflection factor changes to a negative sign. This result shows a significant value when considering the relationship between the tower and ground impedance whereby the ground impedance again depends on the parameter effect of the grounding system arrangement. Figure 6 show the peak of current for different lengths of rod and for different rod numbers: 4, 8, and 12 respectively as the diameter of the rods is kept constant. Overall, the peak of the current decreases as the soil resistivity increases. It also increases with increasing rod length and number of rods. By taking a 2 kΩ.m resistivity value, it can be seen that at least 5 % to 22 % of the peak current increases as the length and number of rods increases. The range of this percentage value may give a significant result in determining the voltage drop along the tower whereby the coaxial cable is assumed to be attached together using v ୢ୰୭୮ = L ୢ୧ ୢ୲ . Thus, the withstand voltage of the electronics and cable may be estimated properly to avoid malfunction or damage. On the other hand, a rapid decreasing peak of current can be seen as the soil resistivity value increases to more than 6 kΩ.m. At least 5 % to 28 % is reduced as the length and number of rods increase at 6 kΩ.m. Even though there is a reducing percentage of the peak current for a high resistivity value, however, the range of the current peak is still high enough to cause damage to electrical equipment. The results show that by increasing the rod length, the value of the ground resistance decreases. However, the value of the current along the tower is found to be dependent on the value of the ground reflection factor considering the correlation between the ground resistance and the tower resistance. Thus, by increasing the length of the rods the current peaks are increased. Therefore, in order to set a proper grounding system on a tall structure consideration of the correlation between the tower impedance and the grounding system impedance can play an important role in the behaviour of current along the tower and channel.
VI. CONCLUSION
In this paper, the effect of the grounding system on the values of current along a tall tower for different values of soil resistivity and different parameters of the grounding system arrangements have been considered and the results discussed accordingly. The results show the correlation between the tower and ground impedances can play an important role in determining the peak current values. 
